In the mature retina, the dendrites of On and Off ganglion cells are segregated into separate sublaminas of the inner plexiform layer, but early in development these processes are multistratified, ramifying more widely within this synaptic layer. The dendritic pattern exhibited by immature ganglion cells suggests that there may be a functional convergence of On and Off pathways in the developing retina, but previous studies have provided evidence against this. Here we demonstrate by patchclamp recordings and dye filling that ganglion cells with multistratified dendrites respond to the onset, as well as the offset, of light. We further show that, in the dark-adapted retina, the glutamate analog 2-amino-4-phosphonobutric acid abolishes On and Off discharges in ganglion cells with multistratified dendrites. In contrast, in cells with stratified dendrites, this drug selectively blocks On responses. These findings provide evidence for unique functional attributes of On and Off pathways in the developing retina. The properties of immature ganglion cells documented here have important implications for the roles ascribed to neuronal activity in refining connections during the early development of the visual system.
The pathways that signal light increments are segregated from those that signal light decrements in the mature retina. Thus, the axons of On-cone and Off-cone bipolar cells terminate in two distinct strata of the inner plexiform layer (IPL) in which they form synapses with the dendrites of On and Off retinal ganglion cells (Famiglietti and Kolb, 1976; Nelson et al., 1978) . In contrast, early in development, the dendritic processes of ganglion cells ramify throughout the IPL (Dann et al., 1988; Maslim and Stone, 1988; Ramoa et al., 1988) . What underlies the gradual retraction of initially multistratified ganglion cell dendrites remains to be established. It has been shown, however, that treating the postnatal cat retina with the glutamate analog 2-amino-4-phosphonobutric acid (APB), which in the mature retina hyperpolarizes On-cone bipolar cells and rod bipolar cells thereby preventing their release of glutamate (Slaughter and Miller, 1981; Bolz et al., 1984; Müller et al., 1988) , results in a much higher than normal incidence of ganglion cells with multistratified dendrites (Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995) . Interestingly, it is not activity per se that shapes this developmental process because the formation of stratified ganglion cells is not perturbed by intraocular TTX injections (Dubin et al., 1986; Wong et al., 1991) or by visual deprivation (Leventhal and Hirsch, 1983; Lau et al., 1990) . Rather, the available evidence suggests that glutamate-mediated activity is the key factor in regulating ganglion cell dendritic stratification patterns.
To explain how synaptic activity could regulate the stratification of ganglion cell dendrites, a model was formulated stipulating that On-and Off-cone bipolar cell axons selectively innervate the multistratified dendrites of immature ganglion cells (Bodnarenko et al., 1995) . In line with this idea, recent studies have shown that the axon terminals of On-and Off-cone bipolar cells form their stratified projection patterns in a remarkably precise manner, without any initial period of intermingling (Miller et al., 1999; Günhan-Agar et al., 2000) . Moreover, electrophysiological recordings have reported that very few ganglion cells in the developing cat retina respond with On-Off discharges to flashing spots of light at a time when multistratified cells would be expected to be plentiful (Dubin et al., 1986; Tootle, 1993) . However, these studies relied on extracellular recordings, a technique that does not allow one to relate structure to function. Thus, it remains to be established whether multistratified ganglion cells in the developing retina respond to both light onset and offset. If this were the case, such an outcome would indicate that individual multistratified ganglion cells are innervated by both On-cone and Off-cone bipolar cells. On the other hand, if multistratified ganglion cells respond only to the onset or offset of light, as reported by the previous extracellular recording studies, this would argue against such dual innervation by the two types of cone bipolar cells. One objective of the present study was to resolve this issue unequivocally. For this purpose, we assessed the discharge patterns of developing ganglion cells to flashing spots of light by whole-cell patch recordings and dye filling of these neurons.
Treating the developing retina with APB perturbs the stratification of On and Off retinal ganglion cells to an approximately equal degree (Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995; Bisti et al., 1998) . This finding was unexpected because Off-cone bipolar cells are not APB sensitive. Although the development of metabotropic glutamate receptors (mGluRs) has not been investigated in the ferret retina, in the rodent it has been reported that all of the metabotropic receptor subtypes with the exception of mGluR3 are expressed early in postnatal develop-ment (Brandstätter et al., 1998) . Also, recordings from isolated retinal ganglion cells of postnatal cats have shown that APB application does not directly influence the membrane properties of these neurons (Liets and Chalupa, 1996) . As yet, however, the effects of this glutamate agonist on On and Off ganglion cell responses in the intact developing retina remain to be established. The second objective of the present study was to determine whether APB application affects the visual responses of immature ganglion cells, with multistratified dendrites, in a manner equivalent to that observed in ganglion cells with stratified dendrites.
MATERIALS AND METHODS
Retinal preparation. Retinas were obtained from ferrets (Marshall Farm USA, North Rose, N Y) ranging in age from postnatal day 21 (P21) to P55, with the day of birth denoted as P0. All animals were dark-adapted overnight before the recordings. After a lethal dose of barbiturate (Nembutal, 200 mg / kg, i.p.) , the eyes were removed and placed in oxygenated L15 medium at 37°C for 12 min. The retinas were then caref ully peeled from the eyecup and stored at room temperature in Eagle's minimal essential medium (EM EM), continuously bubbled with 95% oxygen and 5% C O 2 . A small piece of retina was placed ganglion cell layer up in the recording chamber and stabilized with an overlying piece of filter paper. A 2 mm hole in the filter paper provided access for the recording electrode. C ells were visualized through a 40ϫ objective mounted on a fixed-stage upright epifluorescence microscope (Nikon, Tokyo, Japan). Infrared goggles were used to visualize the tissue on the dissecting and recording microscopes and to maneuver in the recording room. Lightemitting diodes (L EDs) (850 nm) were used to provide light to the dissecting microscope while the illumination from the recording microscope was passed through an Ն850 nm cut filter.
During recordings, the retina was perf used continuously with EM EM (1.5 ml /min) through a gravity-fed line, heated with a Peltier device, and continuously bubbled with 95% oxygen and 5% C O 2 . A calibrated thermocouple monitored the temperature in the recording chamber, maintained at 35°C. Recordings from individual cells usually lasted 30 -120 min, and retinal segments from which recordings were made typically remained viable for 8 -12 hr. Patch electrodes were filled with a solution containing 140 mM KC l, 10 mM H EPES, 0.5 mM EGTA, 0.5 mg /ml nystatin, 2.5 mg /ml Pluronic-F68, and 0.5% L ucifer yellow, pH 7.4. By the end of the experiment, the soma and the dendritic arborizations were usually completely filled, suggesting that recordings were made in the whole-cell configuration. Once complete cell filling was achieved, the retina was removed and fixed in 4% paraformaldehyde for 6 -8 hr at 4°C.
Morpholog ical anal ysis. Recorded cells were visualized and identified as ganglion cells before the electrode was withdrawn, and only neurons unequivocally identified as retinal ganglion cells were included in this study. Such identification was made on the basis of the morphological properties described by Wingate et al. (1992) , including the presence of an axon in the nerve fiber layer, as well as the ability of cells to fire repetitive action potentials. Images of the labeled cells were taken in the whole-mount configuration with a Bio-Rad (Hercules, CA) MRC -1024ES confocal microscope and reconstructed using the Bio-Rad computerized imaging system CoMOS (version 7.0), and cell class was determined from these images. Dendritic stratification was assessed by one of two methods. (1) In retinal whole mounts, the thickness of the I PL and the inner and outer borders of this synaptic layer were determined with Nomarski optics and quantified using a motorized focus controller (M FC -2000; Applied Scientific Instruments, Eugene, OR). The extent and depth of the dendrites was determined by focusing on the tips of these processes and reading a calibrated measure on the focus controller.
(2) Retinal tissue containing the L ucifer yellow-filled cell from which recordings were made was reacted with an antibody for tyrosine hydroxylase, which recognizes dopaminergic amacrine cells (Chemicon, Temecula, CA). The processes of these interneurons stratif y at the outer edge of the I PL, providing a convenient marker for this border (Tagawa et al., 1999) . Images of the cross-section were taken on the confocal microscope. The width of the I PL was established using the red band of labeled amacrine cell processes and Nomarski images of the same crosssection. The position and extent of labeled dendrites was then referenced with respect to these retinal landmarks. The I PL was divided into On and Off sublaminas using commonly accepted standards in which the inner three-fifths is considered On and the outer two-fifths Off (Famiglietti and Kolb, 1976; Nelson et al., 1978; Wong and Oakley, 1996) . Both methods gave equivalent results and, because the former was less labor intensive, it was used more frequently. C ells with dendrites entirely confined to one or the other sublamina were consider to be stratified, whereas those with dendritic processes ramif ying in both sublaminas were considered as multistratified.
Electrophysiolog y. Patch pipettes with a tip resistance between 3 and 7 M⍀ were pulled from thick-walled 1.5-mm-outer diameter borosilicate glass on a Sutter Instruments (Novato, CA) puller (model P-97). Currentclamp recordings were made with an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster C ity, CA). The data were low-pass filtered at rates between 1 and 2 kHz and digitized at rates between 1 and 4 kHz before storage on an I BM computer for subsequent off-line analysis. Recordings were obtained by patching onto cells with clear, nongranular cytoplasm. High-resistance seals were obtained by moving the patch electrode onto the cell membrane and applying gentle suction. After formation of a high-resistance seal between the electrode and the cell membrane, transient currents caused by pipette capacitance were electronically compensated by the circuit of the Axopatch 200B amplifier. If, during the recording, the seal resistance dropped below 1 G⍀, the recording was terminated. The series resistance was 7-16 M⍀. After attaining whole-cell configuration, the resting membrane potential was read off the amplifier. The value of the resting potential was monitored regularly throughout the recording, and if significant changes were observed, recordings were terminated.
Light stimulus. Light-evoked responses were obtained by delivering spots of light from three computer-controlled L EDs (having d ϭ 463, 569, and 651 nm) through the camera port. Spectral power was measured with a silicon photodiode and linear readout system (81 Optometer; United Detector Technology, Hawthorne, CA) and a spectroradiometerphotometer (PR703-A; Photo Research, Chatsworth, CA) scanning from 390 to 720 nm in 2 nm steps. These instruments were calibrated relative to standards of the National Institute of Standards and Technology. The number of quanta delivered to the retina was specified per receptor per second, assuming that the inner segments form the optical aperture (based on a diameter of 0.315 m) (Weidman and Greiner, 1984) . The photoreceptors were stimulated at very low intensities (9 -174 quanta per receptor per second), clearly in the scotopic range based on reasonable assumptions available from other species (Soucy et al., 1998) .
A PB application. APB (25-100 M) was dissolved in EM EM and administrated to the retinal whole mount through a gravity-fed line, heated with a Peltier device, and continuously bubbled with 95% oxygen and 5% C O 2 . A six-position rotary valve (Western Analytical Products, Murrieta, CA) was used to switch between bath and APB solutions. The APB perf usion normally lasted 20 -30 min, and the washout lasted 40 -60 min.
Data anal ysis. Response latencies were measured from the onset or the offset of the light stimulus to the onset of membrane depolarization giving rise to the spike discharges. The peak firing rate was calculated by counting the number of spikes within a window that encompassed the highest firing rate and dividing the spike number by the duration of the window.
RESULTS

Light responses of morphologically identified developing retinal ganglion cells
Whole-cell patch-clamp recordings were made from 151 ganglion cells of dark-adapted ferret retinas ranging in age from P21 to P55. This carnivore is born in a relatively immature state, ϳ42 d after conception, with eye opening normally occurring at P32. Thus, our earliest recordings were made 11 d before eye opening. This is well after the period of naturally occurring ganglion cell death (Henderson et al., 1988) and subsequent to the withdrawal of transient photoreceptor projections to the IPL (Johnson et al., 1999) .
At all ages, the responses evoked by a flashing spot of light centered on the soma were brisk and reliable when a sufficient interval was allowed between stimulus presentations, usually 30 -60 sec. At shorter interstimulus intervals, responses tended to rapidly decrease in magnitude with repeated stimulation.
Three types of response patterns were observed. Some cells discharged only to light onset, others only to light offset, whereas a third group yielded both On and Off responses. These three patterns are illustrated for different cells in Figure 1 . As may by seen, bursts of action potentials were superimposed on a prolonged depolarization of the membrane potential after the onset and/or the cessation of the stimulus. For a given cell, the response pattern was invariant over the scotopic range of stimulus intensities (9 -174 quanta per receptor per second) used in this study. Although reliable responses were observed at all ages studied, there were significant increases in responsiveness with maturation. Age-related changes in response latency, defined as the time between stimulus onset or offset and the first spike in the response burst, as well as in average peak frequency, are depicted in Figure  2 . These two response measures, obtained before and after eye opening, have been grouped separately for the On cells and Off cells (top panel ) and the On-Off cells (bottom panel ). As shown in Figure 2 , On and Off responses became shorter in latency and had higher average peak firing rates after eye opening. Interestingly, the latencies of Off responses were significantly longer than those of On responses before and after eye opening. Presumably, this reflects the different circuitries of On and Off retinal pathways. Note that essentially the same pattern of results was obtained for the On and the Off cells as for the On-Off cells (compare top with bottom). Moreover, there were no significant differences in terms of response latency and average peak frequency between the On-Off cells and the cells that yielded only On or Off discharges.
Although all three types of cells (On, Off, and On-Off) were encountered at all ages studied, the incidence of On-Off cells was found to be age related. As may be seen in Figure 3 , in the youngest age group (P21-P29), Ͼ70% of the recorded cells yielded On-Off discharges. A few days later ( just after eye opening), the proportion of such neurons dropped to Ͻ50%. There was an additional decline in On-Off neurons over the next several weeks, so that in the oldest age group studied (P45-P55), such cells accounted for only ϳ12% of the sample. At all ages, the remainder of the recorded cells were either On or Off, with the former being more prevalent. In the entire sample, 57 cells were On-Off, 65 cells were On, whereas 29 cells were Off.
Filling neurons with Lucifer yellow allowed us to identify the classes of the recorded cells based on well established morphological criteria (Wässle and Boycott, 1991; Wingate et al., 1992) . (In some cases, removal of the patch electrode at the end of the recording period damaged the cell, precluding its morphological Whole-cell current-clamp recordings from three different ganglion cells in dark-adapted retinas. Light-evoked responses were obtained by delivering spots of light from three computer-controlled LEDs through the camera port. Three distinct response patterns were recorded: (1) On response, the cell responded only to light onset (top); (2) Off response, the cells responded only to light offset (middle); and (3) On-Off response, the cells responded to both light onset and offset (bottom). Recordings were made at 35°C. The ages for these three cells were P32, P30, and P34, respectively. Figure 2 . The latency and average peak firing rates of visual responses before and after eye opening are illustrated for On and Off cells (top), as well as for On-Off cells (bottom). Both latencies and average firing rates were significantly different before and after eye opening (*p Ͻ 0.05, two-tailed t test), with responsiveness increasing after eye opening. For all cell types, the latencies of the Off responses were significantly longer than those of the On responses (ϩp Ͻ 0.05, two-tailed t test).
identification.) This revealed that our sample of cells was comprised of all three major classes in the ferret retina: ␣, ␤, and ␥ (Fig. 4) . The majority were ␤ cells (n ϭ 57), with ␥ (n ϭ 10) and ␣ (n ϭ 4) cells being encountered much less frequently. It should be noted that these three major cell types could be unequivocally differentiated at all ages studied. This is particularly important with respect to the ␥ cells because some of these neurons remain multistratified with On-Off responses in the mature retina (Fukuda et al., 1984) .
When viewing individual cells, it often proved problematic to localize dendritic processes to a particular sublamina of the IPL without a clear reference point. This was resolved by labeling dopaminergic amacrine cells in the same sections that contained Lucifer yellow-filled ganglion cells. The dendrites of these amacrine cells stratify along the outer border of the IPL (Tagawa et al., 1999) , whereas the inner border of this synaptic layer could be readily established by viewing the tissue with Nomarski optics. Figure 5 shows cross-sections taken on the confocal microscope of three ␤ cells with different stratification patterns. A cell with dendrites confined entirely to the On sublamina of the IPL is shown at the top, another cell with dendrites restricted to the Off sublamina is depicted in the middle, whereas in the bottom panel the dendrites of the cell span across both the On and Off sublaminas. Note also, in the middle panel, the labeled soma of a dopaminergic amacrine cell in the ganglion cell layer, just to the right of the Off cell.
In the mature retina, the dendritic stratification pattern of a ganglion cell provides a "morphological signature" of the response pattern to a flashing spot of light (Famiglietti and Kolb, 1976; Nelson et al., 1978; Wässle and Boycott, 1991) . This was also found to be the case for developing ganglion cells, although a notable exception was encountered. As expected, all of the cells that had their dendrites confined to the Off sublamina of the IPL responded only to the offset of light (n ϭ 7), and all but one cell with dendrites confined to the On sublamina of the IPL responded only to light onset (15 of 16). The exceptional neuron, recorded in a P42 retina, responded to light offset, although its dendrites were confined entirely to the On sublamina. Presumably, this reflects a developmental anomaly, with an Off-cone bipolar cell innervating the inappropriate portion of the IPL.
We were particularly eager to learn whether the On-Off cells were characterized by multistratified dendrites. The results show that this was indeed the case because cells with multistratified dendrites (25 of 32) commonly responded to both light onset and offset. Four such cells yielded only On responses and three others only Off responses. Of the 25 multistratified cells that yielded both On and Off discharges, one was an ␣ cell, 21 were ␤ cells, and three were gamma cells.
We infer from these results that ganglion cells with multistratified dendrites are innervated early in development by On-cone and Off-cone bipolar cells. The finding that some ganglion cells with multistratified dendrites yielded only On or only Off responses could reflect the fact that one or the other cone bipolar cell input no longer formed functional synapses. Alternatively, dual innervation by cone bipolar cells may not be a universal property of all multistratified ganglion cells.
Effects of APB application on the visual responses of developing ganglion cells in the dark-adapted retina
We also characterized the functional properties of developing On and Off pathways by assessing the effects of APB on the discharge patterns of retinal ganglion cells. In the mature retina, this glutamate agonist hyperpolarizes On bipolar cells and rod bipolar cells, thereby preventing their release of glutamate (Slaughter and Miller, 1981; Bolz et al., 1984; Müller et al., 1988) . However, nothing is known about the effects of APB on the visual responses of developing retinal ganglion cells. Our results indicate that this drug has different effects on more mature neurons with stratified dendrites than on ganglion cells with dendrites that are still in the multistratified state.
With respect to the cells with stratified dendrites, application of APB was found to differentially affect On and Off cells. Thus, in the dark-adapted retina, the responses of all On cells (n ϭ 10) were blocked by application of this drug, whereas the responses of Off cells were resistant to APB (six of seven neurons). These observations indicate that, after segregation of On-Off retinal pathways has been established, the Off pathway is APB resistant, whereas the On pathway is sensitive to this glutamate analog.
In contrast, APB blocked both On and Off responses in multistratified ganglion cells. Thus, in 15 of 18 On-Off cells, all responses were abolished, whereas in three such cells, APB blocked On responses and reduced but did not entirely eliminate Off responses. This demonstrates that On, as well as Off, pathways are APB-sensitive in ganglion cells with multistratified dendrites. Examples of the effects of APB application on the responses of On, Off, and On-Off cells are shown in Figure 6 .
To determine whether the effects of APB application on the light-evoked responses of developing retinal ganglion cells varied with concentration of the drug, we tested a range of concentrations (25-100 M) on all three cell types. The effect of APB on On responses was consistent across this range, with On responses being blocked at even the lowest concentration. Likewise, the On and Off responses of multistratified cells were also blocked at low concentrations of APB. Moreover, the light-evoked responses of Off cells were resistant to APB, even at the highest concentration tested (Fig. 6 ). These findings indicate that the effects of APB we observed cannot be explained by differential sensitivity of the The red band is comprised of the dendrites of dopaminergic amacrine cells labeled with Texas Red, denoting the outermost extent of the IPL. The On cell (top) had dendrites that terminated proximal to the cell soma in the inner three-fifths of the IPL. The Off cell (middle) had dendrites that were confined to the outer two-fifths of the IPL, near the red band of dopaminergic amacrine cell dendrites. The multistratified cell (bottom) had dendrites that ramified more widely, spanning both sublaminas of the IPL. White lines indicate the borders of the On and Off sublaminas. Scale bar, 50 m. Cells shown were from P42, P45, and P29 ferrets, respectively. different cell types to this drug. Rather, the results demonstrate the presence of an APB-sensitive Off pathway in the developing ferret retina that innervates multistratified ganglion cells.
DISCUSSION
Our results provide evidence for two unique functional properties of On and Off pathways in the developing retina. First, we have shown that multistratified ganglion cells in the immature retina respond to both light onset and offset. Most likely, this reflects the convergence of On-and Off-cone bipolar cells. Such response patterns were unexpected because previous studies concluded, on the basis of extracellular recordings, that very few ganglion cells in the developing cat retina respond to both the onset and offset of light (Dubin et al., 1986; Tootle, 1993) , at a time when many ganglion cells are still multistratified (Maslim and Stone, 1988; Bodnarenko et al., 1995) . Conceivably, this could reflect a species difference because the previous studies were done on cats, whereas we recorded from ferret retinas. However, with extracellular recordings, one cannot assess both functional and structural properties of individual neurons. By filling cells from which recordings were made with Lucifer yellow, in the present study, we were able to directly relate On-Off responses to ganglion cells with multistratified dendrites.
It should be noted that we report a higher proportion of multistratified ganglion cells than previous studies on the developing ferret (Bodnarenko et al., 1999) and mouse (Tagawa et al., 1999; Bansal et al., 2000) . Most likely, this reflects differences among laboratories as to the criteria used to identify a cell as multistratified. In the present study, we classified a cell as multistratified if any portion of its dendritic tree ramified in more than one sublamina of the IPL. Our physiological results provide validation of this criterion because the cells we classified as multistratified yielded On and Off responses. In contrast, other studies relying exclusively on morphological measures assessed stratification patterns based on the extent of the primary dendrites of the cell.
A second unique functional feature of the developing retina was demonstrated by the changing susceptibility observed in the Off pathway to APB application. Although this drug blocked both On and Off responses of multistratified ganglion cells, in cells with stratified dendrites, APB selectively abolished On responses. Because our recordings were made from dark-adapted retinas, only the rods were capable of responding to light. Rods transmit signals via rod bipolar cells to all amacrine cells, then to On-and Off-cone bipolar cells (by gap junctions and glycinergic synapses, respectively), which in turn innervate the dendrites of On and Off ganglion cells (Sharpe and Stockman, 1999) . Recently, it has been reported that rod photoreceptors could also synapse directly on Off-cone bipolar cells. This was demonstrated by an immunoelectron microscopy study of the adult rat retina (Hack et al., 1999) , and such a pathway has been also inferred from an electrophysiological study of a transgenic mouse coneless retina (Soucy et al., 1998) . Additional study is required to determine whether a direct rod-Off-cone bipolar cell pathway is present in the ferret retina. If such a pathway does exist in the mature ferret, our results would suggest that it may be absent early in development when multistratified ganglion cells are abundant.
Regulation of dendritic stratification by glutamate-mediated activity
Previously, we showed that intraocular injections of APB prevented the normal stratification of retinal ganglion cell dendrites (Bodnarenko and Chalupa, 1993; Bodnarenko et al., 1995) . Based on these observations, it was suggested that glutamate-mediated afferent activity regulates the stratification of multistratified ganglion cells. It was problematic to explain, however, how APB treatment could affect the stratification of On and Off ganglion cells to an approximately equal degree because, in the adult retina, this drug selectively blocks On-cone bipolar cells and rod bipolar cells, but not Off-cone bipolar cells (Bolz et al., 1984; Müller et al., 1988) . The results of the present study offer a resolution of this puzzle. As shown here, both On and Off responses are blocked by APB application in multistratified ganglion cells. Thus, one would expect that treating the developing retina would perturb the stratification of On, as well as Off, retinal ganglion cell dendrites.
Electrophysiological recordings from mature animals that received intraocular injections of APB early in development have revealed the presence of many ganglion cells with On-Off responses (Bisti et al., 1998) . In view of the results of the present study, the findings of Bisti et al. (1998) can be interpreted as showing that such early APB retinal injections caused a "maintenance" of ganglion cells with multistratified dendrites innervated by On-and Off-cone bipolar cells.
Recently, Tagawa et al. (1999) showed that, in mice lacking In contrast, Off cell responses (bottom traces) were resistant to application of APB, even at high concentration (100 M). Light-evoked responses that were blocked by application of APB recovered when the drug was removed from the bath. Calibration: 1 sec, and 30 (top traces), 45 (middle traces), and 60 (bottom traces) mV. Recordings were made at 35°C. The ages for these three cells were P38, P42, and P50, respectively. mGluR6, the stratification of ganglion cell dendrites was primarily normal. These authors viewed their findings as being at odds with the notion that dendritic stratification in developing ganglion cells is regulated by glutamate-mediated activity. However, because binding of APB to mGluR6 normally prevents the release of glutamate by bipolar cells, one might expect higher than normal levels of glutamate release by bipolar cells in knock-outs lacking this receptor. Thus, there is no reason to think that animals lacking mGluR6 should have a lower than normal incidence of ganglion cells with stratified dendrites. Indeed, it might be the case that stratification occurs earlier in the retina of such animals than in the wild-type mouse.
To explain how glutamate-mediated activity regulates the stratification of retinal ganglion cell dendrites, we proposed that an asymmetrical innervation of On-or Off-cone bipolar cells could "instruct" developing ganglion cells which dendritic process to retract and which to maintain (Bodnarenko et al., 1995) . This model was in line with the results of extracellular recordings showing that few cells in the developing retina respond to both the onset and offset of light. The present study has revealed, however, that multistratified ganglion cells are commonly innervated by On and Off inputs. Moreover, in many cases, On and Off discharges appeared equally robust. Thus, it seems unlikely that an asymmetry of functional On and Off inputs could account for the elimination of exuberant dendritic processes in immature ganglion cells.
So how can one account for the role of afferent activity in the stratification of ganglion cell dendrites? One possibility is that glutamate release from bipolar cells triggers an intrinsic program in multistratified ganglion cells leading to the retraction of one or another set of their dendritic processes. This idea would be supported if it could be shown that the molecular composition of On and Off cells differs and that such differences are expressed in immature ganglion cells with multistratified dendrites. It may also be the case that signals from other types of retinal afferents contribute to this developmental event. In particular, it would be of interest to assess the impact of cholinergic inputs from amacrine cells because it has been shown that the processes of these retinal interneurons become stratified very early in development of the ferret retina (Feller et al., 1996) .
Implications for the role of activity in refinement of retinal projections
In the mature ferret, retinal projections are segregated in the dorsal lateral geniculate nucleus into eye-specific laminas, as well as On and Off sublaminas. The formation of eye-specific projections occurs within the first 2 postnatal weeks (Linden et al., 1981) , whereas segregated On and Off inputs are formed between the third and fourth postnatal week (Hahm et al., 1991) . Both sets of connections are thought to be refined through activitymediated events, involving the correlated firing patterns of developing retinal ganglion cells (Feller, 1999; Wong, 1999) .
To date, the studies dealing with the role of activity in the formation of retinal projection patterns have focused almost exclusively on "spontaneous" discharge patterns (Maffei and Galli-Resta, 1990; Meister et al., 1991) . Such activity is considered spontaneous because it can be recorded even before photoreceptors have been generated. In particular, it has been shown that On and Off retinal ganglion cells exhibit spatially and temporally distinct firing patterns that may account for the formation of separate On and Off inputs to the geniculate nucleus in accordance with the Hebbian postulate (Wong and Oakley, 1996) . The results of the present study suggest, however, that during the time when On and Off projections are being established, ganglion cells can respond to light, even before eye-opening. Thus, both spontaneous and light-evoked activity may contribute to the segregation of On and Off retinogeniculate pathways. In this respect, the formation of eye-specific layers within the dorsal lateral geniculate nucleus differs from the segregation of On and Off inputs because the former are established before any visual activity can be evoked in ganglion cells.
Our results also indicate that On-Off ganglion cells are prevalent in the developing retina during the time when On and Off retinogeniculate pathways are becoming segregated. Thus, the activity-mediated segregation of On and Off retinal inputs to the lateral geniculate nucleus would appear to reflect, at least during the initial phase, the contributions of a relatively limited subset of ganglion cells. As stratification of ganglion cell dendrites progresses, more cells could be recruited to this process, leading ultimately to the formation of segregated On and Off retinogeniculate inputs.
